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ABSTRACT
The intent of this thesis is to lay groundwork for examining the relationship between
seismocardiography (SCG) and phonocardiography (PCG). Both are methods of measuring and
describing heart mechanical function. SCG is described as chest vibrations while the heart beats,
and PCG is described as acoustic chest surface signal believed to represent the heart valves
opening or closing. SCG and PCG have both been used separately in clinical and research
settings, but there is currently no clear comparison between the two. Therefore, there has been no
way at the present to understand how one signal might inform the other. This study is an effort to
fill that gap. SCG and PCG sensors were placed on subjects’ chests while sensor output was
simultaneously recorded. The magnitudes of the signals and their trends were then compared
against each other to see their similarities and differences. The comparisons demonstrated similar
trends between the two sensor types, supporting the hypothesis that there is a relationship
between the two that requires further research and insight.
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CHAPTER 1: INTRODUCTION AND MOTIVATION
Auscultation and monitoring of heart sounds have historically been used to report on
cardiac health and disease, dating back to Hippocratic Greece (460 to 370 BC) (Hanna &
Silverman, 2002). With an understandable need for advancement in cardiac monitoring and
diagnoses over the ages, several techniques have arisen to document possible pathophysiological
circumstances: electrocardiography (ECG), seismocardiography (SCG), and phonocardiography
(PCG), for example (Fye, 1994). Comparisons between these different techniques have been
conducted in the past, often using ECG as a baseline against SCG or PCG signals (Al-Qazzaz,
Abdulazez, & Ridha, 2014; Nedoma et al., 2017; Sahoo, Thakkar, Lin, Chang, & Lee, 2018;
Siecinski, Tkacz, & Kostka, 2019). However, no explicit comparison currently exists between
SCG and PCG signals. Both have been studied as valid methods of cardiac monitoring, but their
precise overlap and implications towards one another remain unknown.
If the similarities and differences between these two signals can be deduced, it would
allow for an accurate comparison of previous studies that had excluded one or the other and a
greater ability to conduct a wide, continuous range of cardiac monitoring. Establishing these
bridges would therefore allow for further understanding of the heart, the signals that are
acquired, and the overall diagnosis of cardiac disease in a clinical setting. As such, the goal of
this thesis is to set the groundwork for determining the relationship between SCG and PCG,
which will be achieved through the monitoring of subjects as they breathe at rest.
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CHAPTER 2: LITERATURE REVIEW
2.1. Heart Physiology
The heart is a vital component of the cardiovascular system that serves to pump blood
throughout the body and maintain human life. This organ functions by pumping blood through a
series of four chambers – two atria and two ventricles – and out to both the lungs and the
systemic circuit. Each chamber is succeeded by a corresponding valve to prevent blood backflow
(Boron & Boulpaep, 2016; Katz, 2010).
In the cardiac cycle, deoxygenated blood first dumps into the right atrium, through the
tricuspid valve, and into the right ventricle. It is then ejected from the pulmonary valve into
pulmonary circulation by the pulmonary arteries, where it proceeds to absorb oxygen in the
lungs. The oxygenated blood returns from the lungs via the pulmonary veins and passes into the
left atrium, through the mitral valve, and finally into the left ventricle. From here, the blood exits
through the aortic valve and into the aorta, finally proceeding to the systemic circuit to deliver
oxygen to the rest of the body (Boron & Boulpaep, 2016; Katz, 2010).
This overall cycle is achieved by the collaboration of two cardiac phases: diastole and
systole. In diastole, the mitral and tricuspid valves are opened so that the heart may passively fill
its ventricles with blood. With a great enough pressure across the valve and a contribution from
the cardiac conduction system, as will be explained below, systole occurs: the heart contracts, the
pulmonary and aortic valves open, and blood is ejected either to the lungs or the remainder of the
body. This process of diastole and systole repeats to constitute a series of heartbeats and to
therefore sustain life (Boron & Boulpaep, 2016; Katz, 2010).
2

The heart’s beating is greatly directed by cardiac electrical activity in an organization
known as the cardiac conduction system. This system consists of the sinoatrial node,
atrioventricular node, bundle of His, bundle branches, and Purkinje fibers. An electrical signal
dubbed the action potential shoots from its origin within the sinoatrial node’s pacemaker cells
and through the atria, urging the movement of blood from within the left and right atria to their
respective ventricles. The atrioventricular node’s pacemaker cells, at the precipice of the atria
and ventricles, follow suit, sending a signal down through the walls of the ventricles, through the
bundle of His, bundle branches, and Purkinje fibers, where myocardial contractile cells within
the ventricle finally contract and eject blood from the heart. After the ventricles relax, the cardiac
conduction cycle repeats to produce yet another heartbeat. It is with the collaborative effort of
electrical and mechanical activity, as described, that the heart may function (Boron & Boulpaep,
2016; Katz, 2010; Oliveira, Reis, Araújo, & Freire, 2015).
2.2. Electrocardiography
Electrocardiography (ECG) is conducted to study the electrical activity of the heart rather
than the mechanical activity, as will be observed with SCG and PCG (Crow, Hannan, Jacobs,
Hedquist, & Salerno, 1994). The cardiac conduction system, the collective term for the heart’s
electrical processes per heartbeat, is key to stimulating the heart to contract and therefore to
pump blood to the rest of the body (Anderson, Yanni, Boyett, Chandler, & Dobrzynski, 2009).
With the direct influence of electrical activity in the cardiac cycle, studying the ECG signal
allows for the observation of an individual’s heartbeats, both in morphology and timing. The
expected ECG morphology of a normally functioning heart is depicted in Figure 1 below (Dupre,
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Vincent, & Iaizzo, 2005). Markers and intervals, such as the RR interval that measures the beatto-beat time between successive R waves, can be used to understand the quality of the heart’s
function (Nedoma et al., 2017). For this reason, the ease of application, and the present
understanding of this method, ECG is often used as a comparative signal in cardiac studies.

Figure 1. ECG waveform, where the P wave constitutes atrial depolarization, QRS complex constitutes ventricular
depolarization, and T wave constitutes ventricular repolarization (Dupre et al., 2005).

Several different placement methods can be utilized for ECG with varying amounts of
sensors, known as electrodes, and lead systems. Recordings are often done with three bipolar
leads where the electrodes are arranged per Einthoven’s triangle, depicted below in Figure 2
(Abi-Saleh & Omar, 2010). This triangular arrangement allows for the leads to document cardiac
vectors representative of the heart’s electrical activity across the body, which can ultimately be
compiled to produce a holistic understanding of a subject’s ECG (Abi-Saleh & Omar, 2010; Jin
4

et al., 2012). The common placement of electrodes is at the right arm, left arm, and left leg,
where the leads comprise the potential difference between the electrical potentials (Φ, seen
below) of two of the given electrodes (Abi-Saleh & Omar, 2010). Overall, the set of three
electrodes and leads collaborates to compile an ECG signal by using unique properties created by
the heart viewed at different areas of the body.

Figure 2. Illustration of Einthoven’s triangle (Abi-Saleh & Omar, 2010).

2.3. Seismocardiography
Seismocardiography (SCG) is one common procedure of displacement cardiography
(Crow et al., 1994). It is a noninvasive cardiac monitoring technique employing an
accelerometer, a specialized sensor, to measure and document chest wall vibrations (Sørensen,
Schmidt, Jensen, Søgaard, & Struijk, 2018; J. M. Zanetti & Tavakolian, 2013). The recorded
vibrations appear to be prompted by the mechanical functions of the myocardium and resulting
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cardiac activities, as results display correlation to the opening and closing of the heart’s valves,
the contractility of the heart, and possible fluctuations in blood momentum and flow (Crow et al.,
1994; Dehkordi et al., 2019; Yang, Tang, & Tavassolian, 2016; J. Zanetti, 1990; J. M. Zanetti &
Tavakolian, 2013). The sounds from these factors – in systolic and diastolic mechanical events,
notably isovolumetric contraction, valve opening, and S3 and S4 – are transmitted at a low
frequency to the sternum, which vibrates in response and is detectable at decent resolution by an
accelerometer (Crow et al., 1994; J. M. Zanetti & Tavakolian, 2013). However, the recorded
SCG signal, seen with Figure 3 (Sørensen et al., 2018), is sensitive enough to pick up additional
information of subject movement, respiration, and abdominal sounds (Azad, Gamage, Sandler,
Raval, & Mansy, 2019); filtering of the signal and monitoring of the subject’s physical and
respiratory activity is encouraged for a clearer response.

Figure 3. SCG waveform, with circles denoting the mean location for atrial systole (AS), peak atrial inflow (PAI),
mitral valve closure (MC), aortic valve opening (AO), peak systolic outflow (PSO), aortic valve closing (AC), mitral
valve opening (MO), and early ventricular filling (EVF) (Sørensen et al., 2018).
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A typical SCG signal, like the one above, will present the following features of the
cardiac cycle: atrial systole (AS), mitral valve closure (MC), isovolumetric movement (IM),
aortic valve opening (AO), rapid systolic ejection (RE, known as PSO above), aortic valve
closure (AC), mitral valve opening (MO), and rapid diastolic filling (RF, known as PAI above).
Upon a holistic view of these SCG waveform features, inter- and intra-subject variability can be
seen. Factors such as respiration, sex, sensor spatial distribution, subject posture, cardiac activity,
and overall health status can cause these features to vary drastically (Azad et al., 2019;
Korzeniowska-Kubacka et al., 2006; Libonati, Colby, Caldwell, Kasparian, & Glassberg, 1999).
The placement of SCG sensors can vary depending on the study being conducted, as seen
with ECG above. Typically, SCG sensors will simply be placed on the left lower sternal border
(LLSB) (Taebi, Solar, Bomar, Sandler, & Mansy, 2019). Optimal results would be collected here
between the 3rd to 5th intercostal space (ICS), where the signal is strongest (Sandler et al., 2020).
2.4. Phonocardiography
Phonocardiography (PCG) is a similarly noninvasive method, but it instead utilizes a
stethoscope head and microphone to gather and record cardiac information – specifically, to
measure heart sounds by monitoring heart rate and rhythm (Al-Qazzaz et al., 2014; Dehkordi et
al., 2019). Thus far, it is a general consensus that the heart sounds are a product of the heart
valves’ opening and closing (Dornbush & Turnquest, 2020). Studies are still ongoing to
determine the entirety of the cause of these heart sounds, but it has also been suggested that other
features, such as pathophysiological cases of ventricular filling and blood flow or simply blood
flow turbulence during regular cycles of systole and diastole, do contribute to what is measured
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with PCG and exemplified below in Figure 4 (Al-Qazzaz et al., 2014; Dehkordi et al., 2019;
Glower, Murrah, Olsen, Davis, & Rankin, 1992; Siejko, Thakur, Maile, Patangay, & Olivari,
2013; Varghees & Ramachandran, 2014). While PCG may capture all of these contributions, its
range does not fully extend to those of low frequency, as is true of S3 and S4 signals (Al-Qazzaz
et al., 2014; Dehkordi et al., 2019; Glower et al., 1992; Hosenpud & Greenberg, 2007; Siejko et
al., 2013).

Figure 4. PCG waveform, displaying the commonly described S1 and S2 signals, as well as the lower frequency S3
and S4 signals. Systole, diastole, and duration of the cardiac cycle are marked (Varghees & Ramachandran, 2014).

Auscultation of the heart with a traditional mechanical or electronic stethoscope is
typically conducted at Erb’s Point and over the four valves of the heart: the tricuspid, pulmonary,
mitral, and aortic valves. In a clinical setting, these valve areas, marked below in Figure 5
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(Kusko & Maselli, 2015), are all briefly monitored and assessed. In a research setting, fixed PCG
placement is often conducted at the LLSB, ideally around the 4th ICS, similar to the placement
described for SCG sensors (Giordano & Knaflitz, 2019; Taebi et al., 2019). This location is
excellent for the auscultation of the tricuspid valve. The tricuspid valve and the mitral valve are
believed to be responsible for the first heart sound, S1, that is heard and recorded through PCG.
At either the tricuspid or mitral location, S1 should be heard most clearly. The PCG stethoscope
could be moved to one of the other common auscultation sites, such as that of the aortic or
pulmonary site, where these respective valves close to presumably generate the second heart
sound, S2 (Karnath & Thornton, 2002); here, S2 should be heard most clearly.

Figure 5. Illustration of points of cardiac auscultation (Kusko & Maselli, 2015).
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2.5. Galvanic Skin Response
Galvanic Skin Response (GSR), commonly referred to as Electrodermal Activity (EDA),
is a measurement of the skin’s electrical properties and autonomic nerve responses, most
explicitly through the amount of perspiration that is present (Can, Arnrich, & Ersoy, 2019;
Damodaran, 2014; Joshi & Kiran, 2020). This amount increases with heightened stress and
arousal of specific parts of the brain, and therefore serves as a helpful way to monitor
psychophysiological activity (Christopoulos, Uy, & Yap, 2019).
Multiple GSR sensors, usually limited to two, are placed on the subject – on two fingers,
across the chest, or in some other configuration without the sensors directly touching (Greene,
Thapliyal, & Caban-Holt, 2016). The signal recorded from the skin resistance is then measured
in the distance between these two sensors; with greater perspiration, greater skin conductance is
observed (Can et al., 2019).
It has been suggested that GSR is useful not only for its intended purpose of solely
measuring resistance, conductance, and overarching electrical activities across the skin, but also
for monitoring a subject’s breathing patterns. The signal recorded by the GSR sensors changes as
the subject inhales and exhales due to the resistance between the adhered sensors continually
varying during respiration (Balas, Solanki, & Kumar, 2020; Can et al., 2019). Therefore, it is
possible that the subject’s breathing patterns may be monitored through the employment of GSR
sensors.
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2.6. Relation Between SCG and PCG
Information that currently exists to compare SCG and PCG exist within larger
comparative studies that view these two signals against an established gold standard signal, like
ECG. Comparisons with this standard signal have shown, for example, SCG’s superiority in
measuring heart rate over PCG. However, this example was demonstrated not only against PCG,
but also photoplethysmography (PPG) and vibrocardiography (VCG) (Cosoli, Casacanditella,
Tomasini, & Scalise, 2017; Taebi et al., 2019). The overall aim of such a study, like others that
include SCG and PCG as merely components of an array of signals, did not focus greatly on the
overlap of these two alone. Therefore, a brief statement of comparison between the SCG and
PCG results from this study could be made, but the implications and details of its results, as is
true of the current and relevant body of literature, are still lacking.
Spatial distribution is another documented feature of SCG and PCG, individually. Noted
previously, SCG sensors are ideally placed at the LLSB between the 3rd to 5th ICS. If this
placement should change, however, then the waveform and amplitude will follow suit (Sandler et
al., 2020). PCG appears to have a greater documented range of possible positions, given the five
common areas of auscultation, but research studies often utilize the same LLSB area for the SCG
sensors for recording (Giordano & Knaflitz, 2019; Karnath & Thornton, 2002). It is therefore
implied that SCG and PCG sensors should be placed nearby but cautiously with regard to each
other, so that both will record the best respective signals possible. There is currently no standard
spatial distribution when utilizing both SCG and PCG sensors simultaneously, leaving a gap in
comparative methodology.
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Figure 6. Modified Wiggers diagram, comparing the signals for ECG, PCG, and SCG (Sieciński, Kostka, & Tkacz,
2020).

A final notable comparison between SCG and PCG can be seen in Figure 6’s Wiggers
Diagram (Sieciński et al., 2020), where a gold standard such as ECG is used to aid in analysis
and comparison (Taebi et al., 2019). Despite this, explicit written comparison of the SCG and
PCG waveforms has yet to be discussed. The peaks of the SCG1 and SCG2 signals seen above,
for example, appear to correspond to the first and second signals of the PCG, but the exact
physiological intersection at this moment between these two is still unclear. As such, visual,
simultaneous comparison of the SCG and PCG does exist, but explicit analysis of this
representation is absent.
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2.7. Utility of SCG and PCG in Patient Monitoring and Diagnostics
When considering the limitations and overlap presently known of SCG and PCG, it
appears that the two methods would complement each other. This is specifically exemplified in
their ability to detect sounds at opposite ends of a spectrum of similar frequencies: lower
frequencies in the case of SCG and slightly higher frequencies in the case of PCG (Glower et al.,
1992; Hosenpud & Greenberg, 2007; Siejko et al., 2013). S1 is often observed at frequencies
between 30 to 100 Hz, believed to be resulting from mitral and tricuspid valve closure, while S2
is often above 100 Hz at much higher frequencies, believed to be a product of brief, ordinary
blood backflow and consequential pulmonary and aortic valve closure (Al-Qazzaz et al., 2014).
S3, theorized to reflect the left ventricle’s rapid diastolic filling phase, is at a lower frequency
between 25 to 70 Hz, usually (Hult et al., 2005; Hult, Fjällbrant, Wranne, & Ask, 2004). These
cardiac markers are distinguishable across both SCG and PCG, but SCG would be better
equipped to perceive S3 and S4 due to their lower frequency, where PCG would comparatively
struggle given its success with higher frequencies (Hult et al., 2005). A broader range of
understanding for cardiac function, as a product of a cumulatively broader range of frequency for
analysis, can therefore be extracted from the intersection of the two methods.
Ultimately, knowledge regarding the signals’ intersection is presently scarce, as
mentioned above. Much research has been done on SCG and PCG individually or as part of a
larger group in comparison to a signal like ECG, but SCG and PCG have not truly been
compared directly. If this gap in the literature can be filled, then connections can readily be made
between previous studies; studies that had been conducted with PCG and lacking SCG or vice
versa could then be compared and considered from an entirely new perspective, overall
13

generating a more holistic view of the heart’s functions. Beyond previous studies and into the
future, being able to simultaneously utilize a wider range of frequency to monitor cardiac activity
– as could possibly be achieved with the overlap of SCG and PCG – would be a great asset for
diagnosis. Conduction of this thesis and consequential SCG-PCG work therefore strives to better
inform health providers in clinical situations as they investigate cardiac function and cardiac
disease by allowing for a greater pool of knowledge for them to reflect on.
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CHAPTER 3: METHODOLOGY FOR SENSOR TESTING
3.1. Overview and Objective
3.1.1. Sensor Selection
To promote confidence in the succeeding comparison of SCG and PCG, it was necessary
to decide what and how many sensors would be utilized. The sensors utilized for SCG, ECG, and
GSR were already determined from existing literature and work in our lab (Sandler et al., 2020),
so this procedure focused specifically on selecting the sensors for PCG acquisition: combinations
of microphones and stethoscope heads.
Several different stethoscope heads were considered, ranging from those of reputable
branding, such as 3M Littmann, to those of more generic or untested nature, to those that were
3D-engineered and -printed in our research laboratory. These stethoscope heads varied in size
and weight in addition to reputation. The main requirements were the stethoscope head’s ability
to acquire a high signal-to-noise ratio (SNR), meaning that the signal could be easily and clearly
distinguished during acquisition, and its ability to acquire signal without distortion to the
expected waveform morphology. In addition, it was preferred that these stethoscope heads were
lightweight, for ease of fixation to the chest, and small in diameter, for placement alongside other
sensors without crowding.
Some of reputable brand were unrealistically bulky and heavy or simply not available in
great enough quantity for testing, so their inclusion simply helped to provide a “gold standard” of
sorts to compare all other stethoscope heads against. In theory, if a less-familiar make of
stethoscope head could be shown to behave similarly to a well-known and trusted make, and if
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several individual stethoscope heads within that less-familiar make could be shown to behave
consistently among themselves, then there could be decent confidence in the quality of that make
despite its relatively unknown reputation. This connection helped guide the following work.
3.1.2. Spatial Distribution of Sensors
Various locations for the spatial distribution of SCG or PCG sensors have already been
denoted in the literature (Giordano & Knaflitz, 2019; Karnath & Thornton, 2002; Sandler et al.,
2020). These are often over the common auscultation areas, shown in Figure 5. Due to a lack of
studies focusing on the comparison of SCG and PCG, however, there is currently no guidance on
what sensor distribution to employ.
The intention of this thesis is to lay groundwork for the comparison of SCG and PCG
signals, which would ideally be recorded simultaneously and at the exact same location. These
hopes are, of course, mutually exclusive. In one scenario, recording can be done for SCG and
PCG simultaneously, but it is unrealistic for the sensors to be placed on top of each other, so they
must instead be as close to the same location as possible. In another, recording for SCG and PCG
can be done at that same location, but they must be separated by two recordings: one where only
SCG is measured at that point and one where only PCG is measured at that point.
Referencing the common auscultation points and considering the two scenarios above, at
least one arrangement of sensors needed to be constructed. In any arrangement, no sensors could
overlap without risking interference with each other’s recorded signal. Furthermore, in any
arrangement, the ECG and GSR sensors would remain stationary, with locations pre-determined
from the literature and previous laboratory work.
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3.2. Equipment and Materials
3.2.1 Data Acquisition
All sensors were connected to the data acquisition module (Model TA-220, iWorx,
Dover, NH) that was controlled by software (LabScribe, iWorx, TA-220, Dover, NH) running on
a laptop computer (Model Latitude 3590, Dell, 2018), allowing for simultaneous monitoring and
recording of the signals.
3.2.2 Sensors
The sensors and sensor accessories for this study were stethoscope heads and
microphones. The stethoscope heads of known origin came from Labtron (Model 04-1060,
Labtron Electromax Electronic Stethoscope, Labtron, 1996), 3M Littmann (2144L, Master
Classic II, 3M Littmann, n.d.), Bio-Dynamics (specifications unavailable), American Diagnostic
Corporation (Model 665, ADC Proscope, American Diagnostic Corporation, n.d.), Zulco
International Inc. (specifications unavailable), and PARAMED (Single Head Stethoscope,
PARAMED, n.d.). One stethoscope was of unknown vendor and origin. The final two
stethoscopes (both unlabeled, Biomedical Acoustics Research Laboratory, n.d.) were 3Dmodeled and printed within our laboratory. The two microphones were an electronic PCB
Piezotronics (specifications unavailable) and an Amazon-bought lavalier (specifications
unavailable). These microphones and any stethoscope heads that had specifications unavailable
were purchased long before the commencement of this study, so the product details had been lost
to time.
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3.3. Protocol
3.3.1. Microphones
The two microphones, referred to as PCB and lavalier henceforth, were tested one at a
time with the same stethoscope head – Stethoscope 2 (arbitrary naming, see Figure 15 and 16) of
the 3M Littmann brand – and the same pre-recorded input signal. Each microphone was fitted to
the stethoscope head and placed onto a “shaker” with a soft gel base to simulate the soft tissue of
the chest surface. The shaker was then excited with an input of pre-recorded signal from the
computer. Signals tested included PCG, SCG, abnormal-morphology SCG, square wave, and
white noise. To establish a baseline of background noise, a “signal” of no input was recorded, as
well. The consequential sensor output was saved, and the recordings with the two microphones
were compared against each other.
From the satisfactory similarity between the PCB and lavalier microphones found in this
comparison, the convenient amount of lavalier microphones present, and the laveliers’ ideal
weight and size (much lighter than the PCB), the next step involved gathering all available
lavalier microphones, testing them in the same fashion as before, and comparing the results.
Analysis of both steps and additional microphone characteristics yielded the decision to use the
lavalier microphones for the following procedures.
3.3.2. Stethoscope Heads
The process of choosing a stethoscope head was quite similar to that of the microphones.
Initially, seven stethoscope heads were considered from what was available to the lab. This was a
broad mix of sensors, from more reputable brands to those that had been personally 3D-
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engineered and -printed. To consider how these heads would perform against each other, one of
the microphones chosen from the previous section was connected to each head to complete
individual recordings. Once more, the connection of the stethoscope head and microphone was
placed onto the shaker, which was excited using the computer and one of the program’s prerecorded signals. Two main comparisons occurred with these recordings.
The first comparison used Stethoscope 2, which was the 3M Littmann, and its PCG
waveform as standards, given the stethoscope’s reputable brand. The PCG waveforms of the
other six stethoscopes were individually juxtaposed onto Stethoscope 2’s. Differences and
similarities in the waveforms were critiqued. Ultimately, only Stethoscope 1 (arbitrary naming,
see Figure 15 and 16), which was the Labtron, did not proceed to the second comparison because
of its saturated, distorted waveform.
With the remaining six stethoscopes, now excluding the Labtron, the second comparison
was done to see how the signal-to-noise ratio (SNR) differed between the different sensors.
Recordings were done for each sensor with three different input types: first a pre-recorded PCG
signal, then a pre-recorded clip of white noise, and finally no input. Gathering a recording with
no input helped established possible background noise, so that similar presence of noise in an
actual recording – of PCG, for example – would not unfairly discredit the quality of the
stethoscope heads. The resulting recordings of no input with the stethoscope head/microphone
combinations were then paired to their respective recordings of PCG or white noise in order to
determine the SNR.
Near the end of the testing period, two more sensors were introduced: a PARAMED and
a Zulco. These two were also tested to see how they would fare against the other stethoscope
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heads by once more comparing the PCG waveforms and the SNR. Final analysis, including the
aforementioned comparisons and additional preferred parameters for size, weight, and
reputability was then conducted.
3.3.3. Spatial Distribution of Sensors
Spatial distribution of all sensors, now including the experimentally chosen stethoscope
heads and microphones, then needed to be mapped. The literature, containing cardiac monitoring
studies and explanations of the common cardiac auscultation areas, was considered while
possible arrangements were drafted. These drafts used the following as criteria:

1. Sensors for SCG and PCG recording should be placed on or near the common
auscultation areas, as they are widely known landmarks and are expected to provide
acceptable signals for recording.
2. SCG and PCG signals must be acquired as close together as possible, so that the signal at
a certain area can be seen through both the lens of the SCG and PCG.
3. Multiple SCG and/or multiple PCG should be employed simultaneously to see how
spatial distribution may affect the comparison of SCG and PCG or one specific sensor
type across various locations.
4. Complimentary arrangements would be preferred – essentially, breaking up the
distribution into two or more arrangements – so that the chest is not crowded and specific
auscultation areas may be thoroughly observed by both SCG and PCG.
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All drafts were loosely tested on research partners for practicality and quality of signal
detection: the designed arrangement had to fit securely on the subjects’ chests, and the placement
of the sensors had to be wary of bone, excess soft tissue of the chest, and other factors that may
consistently affect the signal monitoring and acquisition across subjects. The most practical of
these drafts, a set with enough information to compare SCG and PCG sensors among themselves
and between each other, was then chosen to be used in the following methodology.
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CHAPTER 4: METHODOLOGY FOR SCG AND PCG COMPARISON
4.1. Overview and Objective
As previously stated, this thesis is centered on the comparison of SCG and PCG signals.
To acquire these signals, the subjects reclined on an examination table and cycled through a set
of breathing patterns: what will be called normal breathing, slow and deep breathing, and breath
holding. SCG and PCG signals, as well as ECG and GSR, were acquired during these sets. This
acquisition, with the same set of breathing patterns, was performed in two different arrangements
on each subject. The first arrangement employed three PCG sensors and one SCG sensor
(Arrangement A, Figure 9), and the second arrangement employed three SCG sensors and one
PCG sensor (Arrangement B, Figure 11). These sensors were all placed at the common cardiac
auscultation points (Figure 5). Additionally, both arrangements used stationary ECG and GSR
sensors, where both sensor types were distributed diagonally across the chest, and a lone ECG
was placed on the subject’s calf. Including these signals allowed for monitoring and comparison
of the predictable cardiac cycle, in the case of ECG, and the breathing cycle, in the case of GSR,
against the SCG and PCG signals.
The above signal acquisition was then input to MATLAB software for processing, which
filtered and segmented the signals per the Pan-Tompkins Algorithm (Fariha, Ikeura, Hayakawa,
& Tsutsumi, 2020; Pan & Tompkins, 1985), compared them, and analyzed the recordings to
determine areas of maximum energy in each segment. These areas were specific peaks in the
waveform that indicated S1 and S2 or SCG1 and SCG2 for either PCG or SCG signals,
respectively. Further analysis of corresponding areas of maximum energy gave the magnitude of
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S1/S2 or SCG1/SCG2 along with a box plot, mean value, and related standard deviation. These
values were recorded and compared between subjects. The objective of this processing was to
determine the mean magnitude of comparable areas of the signal (S1, S2, SCG1, or SCG2) at
different auscultation points, to see how the SCG and PCG signal differed or remained the same,
or how it behaved against the other signal type.
4.2. Study Population
This study included 31 participants; 23 were female and 8 were male. Participants were
recruited through convenience sampling, so the population consisted mostly of college pre-health
and engineering students between the ages of 18 and 24. The participants varied in factors such
as ethnicity, weight, height, and exercise frequency. 7 participants indicated that they had a
personal history of cardiovascular complications. Those with a personal history were excluded
from the main calculations and considerations of this study. Due to time constraints, signals were
only processed and analyzed from 15 of the 31 participants. These were chosen at random from
the 24 participants who did not state they had cardiovascular complications.
4.3. Equipment and Materials
4.3.1. Data Acquisition
As with the prior procedure for sensor testing, all sensors were connected directly or
indirectly to the data acquisition module (Model TA-220, iWorx, Dover, NH) that was controlled
by software (LabScribe, iWorx, TA-220, Dover, NH) running on a laptop computer (Model
Latitude 3590, Dell, 2018), allowing for simultaneous monitoring and recording of the signals.
The SCG sensors required amplification of their signals, so the sensors were connected to a four23

channel signal conditioner (Unknown Model, PCB Piezotronics, Depew, NY) which was then
directed to the aforementioned data acquisition module. All of the recorded signals were then
imported to software (MATLAB R2022a, MathWorks, 2022) for further processing. Numerical
values and additional subject information were recorded digitally (Microsoft Excel, Microsoft,
2021). A standard examination table and alcohol wipes were used to assist in acquiring data.

Figure 7. Equipment and wiring utilized in data acquisition, including: signal conditioner or “amplifier” for the SCG
sensors, data acquisition module to connect all sensors – directly or indirectly – to the recording software, and
arrows showing what each wire represents.
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4.3.2. Sensors
Three stethoscope heads (Single Head Stethoscope, PARAMED, n.d.) paired with three
Amazon-bought lavalier microphones (specifications unavailable) were used to detect PCG.
Three accelerometers (Model 352C65, PCB Piezotronics, Depew, NY) were used for SCG
monitoring. Additionally, three ECG electrodes (Model FS-TB1-5, Skintact, Innsbruck, Austria)
and two Galvanic Skin Response Amplifiers (Model C-ISO-GSR, iWorx, Dover, NH) were
coupled with a combined total of five Reusable Button EEG Electrodes (Model C-ISO-GC5,
iWorx, Dover, NH). The SCG and PCG sensors were attached with double-sided tape (Double
Coated Tape 444, 3M, n.d.).

Figure 8. Sensors used for PCG and SCG acquisition: respectively, PARAMED stethoscope head (left) paired with
microphone (not pictured) and accelerometer (right).
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4.4. Protocol
4.4.1. Preliminary Acquisition of Subject Information
Once subjects had arrived at the testing location, been briefed on the study procedure, and
given their consent, they were given a data collection form to complete. For the reference of the
researchers, date, e-mail address, and name/initials were recorded. Mandatory categories
included age, biological sex, height, and weight for standard demographic comparison, and time
of last food or caffeine intake for possible context if the morphology of the acquired signals
appeared irregular. Optional categories, containing more sensitive information but still providing
context for observed signals, included number of hours of exercise per week, personal or family
history of cardiovascular complications, and relevant medications. COVID-19 history and time
within the menstrual cycle were also included as optional categories because of the possibility of
long-haul COVID-19 impact on the heart (Mehandru & Merad, 2022; Shah et al., 2022) and the
perceived relationship of heart rate to menstrual cycle (Brar, Singh, & Kumar, 2015).
All acquired information was compiled into a table for researcher reference, should that
be needed for later consultation when analyzing the results of the signal recordings, as a possible
means of providing context for any apparent abnormalities observed.
4.4.2. Acquisition of Signals
As the subject completed the data collection form, the researcher confirmed that all
equipment was turned on and properly functioning. Double-sided tape or electrode pads were
attached to all of the sensors in preparation.
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Once the subject finished, they were instructed to expose their right calf and remove or
open their shirt, according to their level of comfort, to allow for access to the areas where sensors
would be placed. The subject used an alcohol wipe to clean these areas before any application to
promote the adhesion of the sensors’ double-sided tape to the skin without impairment from oils.
According to the specifications and ideal spatial distribution of these sensors from the
methodology in Chapter 3, two arrangements of sensors had been drafted: Arrangement A and
Arrangement B (see Figures 9, 11, and 17). Sensors were first placed in Arrangement A, which
used three PCG sensors and one SCG sensor. The PCG sensors were at the auscultation areas for
the aortic valve, pulmonary valve, and tricuspid valve. The SCG sensor was at the auscultation
area for Erb’s Point. Stationary ECG and GSR sensors were also placed and remained on for the
duration of the study despite changes between Arrangements A and B. Three ECG sensors were
used with the basis of Einthoven’s triangle; they were placed underneath the right clavicle, on the
lower left abdomen, and on the right calf. Two GSR sensors were used alongside the initial two
ECG sensors; the GSR sensors were lateral to the ECG sensors underneath the right clavicle and
on the lower left abdomen. The ordering of this arrangement was arbitrary but kept consistent
between subjects.
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Figure 9. Arrangement A, a PCG-heavy spatial distribution of three PCG sensors and one SCG sensor.

The subject rested on the exam table after the initial placement of sensors in Arrangement
A. They sat at a 45-degree angle with their legs extended for three minutes, so that any erratic
signals – mostly PCG and SCG – had time to settle. In this time, they remained quiet and did not
move. If the signals still appeared distorted or impaired in any way, the sensor was removed and
reapplied to possibly correct for improper placement on the subject’s chest.
The first recording began once the subject’s signals had settled. This recording was done
on iWorx LabScribe and was comprised of six different channels (see Figure 10). In descending
order, these channels were for the following: S1, the SCG sensor at Erb’s Point; P2, the PCG
sensor at the pulmonary valve area; P3-1, the PCG sensor at the aortic valve area; P4-1, the PCG
sensor at the tricuspid valve area; GSR, across the chest; and ECG, triangulating across the chest
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and down to the right calf. Each channel was recorded independently of each other but displayed
simultaneously.

Figure 10. iWorx LabScribe channels recording signals in Arrangement A: in descending order, the sensors are S1
(SCG, Erb’s Point), P2 (PCG, pulmonary), P3-1 (PCG, aortic), P4-1 (PCG, tricuspid), GSR (breathing, exhale), and
ECG (heart, electrical activity).

29

It took approximately nine minutes to complete the recording. In this time, the
participants were given three distinct breathing patterns to follow, in order to help compare the
SCG and PCG signals in different contexts. The steps were as follows:

1. Three minutes of normal breathing.
2. Two minutes of slow, deep breathing.
3. One minute of normal breathing.
4. Three breath holds, duration dictated by the subject.

Normal breathing was, as the name suggests, the normal pattern of breathing that the
subject usually participated in. After three minutes of normal breathing, the subject shifted into
two minutes of slow, deep breathing. In this, the subject slowly inhaled deeply for five seconds,
exhaled for five seconds, and immediately repeated. The researcher quietly counted the time for
the subject to ensure consistent breathing during this segment. Afterwards, the subject resumed
their normal breathing habits. The final component, the breath holding, started a minute later.
The researcher would quietly count to five as the subject slowly inhaled, and then the subject
held their breath for as long as they felt comfortable doing so. They loudly exhaled so that the
researcher could easily document the length of their breath hold. A few seconds of reprieve was
given before the process of breath holding, with another brief rest in between, repeated twice. At
the end of the final breath hold, the recording was stopped and saved.
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All of the PCG and SCG sensors in Arrangement A were removed from the chest.
Double-sided tape was replaced on the S1 and P2 sensors, as they would be reapplied for
Arrangement B. Arrangement B (see Figure 11) utilized three SCG sensors and one PCG sensor.
Two of the SCG sensors were at the auscultation area for the pulmonary valve and the tricuspid
valve. The other SCG sensor was lateral to Erb’s Point, as this area was already preoccupied by
the single PCG sensor. To account for the addition of two SCG sensors and the loss of two PCG
sensors, their connections to the iWorx module – which connected the sensors to the computer to
allow for recording – had to be swapped. Therefore, the channels seen in the iWorx program
differed not only in sensor location between Arrangement A and B, but also in the actual sensors
being considered.

Figure 11. Arrangement B, an SCG-heavy spatial distribution of three SCG sensors and one PCG sensor.
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The procedure for Arrangement B was executed exactly the same as Arrangement A,
with the slight modification of different sensors and different locations, as previously mentioned.
The new sensors in the channels and their new locations were as follows: S1, the same SCG
sensor used in Arrangement A, was now placed at the pulmonary valve area; P2, the PCG sensor
at Erb’s Point; S3-2, the SCG sensor lateral of the previous PCG sensor; S4-2, the SCG sensor at
the tricuspid valve area; GSR, still across the chest; and ECG, still triangulating across the chest
and down to the right calf. The signals in these channels were acquired and recorded through the
same set of breathing patterns. The recording file was then saved.
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Figure 12. iWorx LabScribe channels recording signals in Arrangement B: in descending order, S1 (SCG,
pulmonary), P2 (PCG, Erb’s Point), S3-2 (SCG, lateral to Erb’s Point), S4-2 (SCG, tricuspid), GSR (breathing,
inhale into exhale), and ECG (heart, electrical activity).
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Immediately after the second recording, all sensors were removed from the subject. They
were asked if they had any final questions or statements, then thanked for their participation and
dismissed. All equipment was disinfected and, if applicable, turned off.
4.4.3. Processing of Recorded Signals
As all of the subjects’ recordings were conducted in the LabScribe program and
consequently saved as iWorx files, these recordings first had to be transferred to MAT file
format in order to be processed through MATLAB. These files were approximately nine minutes
long, as previously stated that that is the estimated length of the signal recordings. Though data
was collected for normal breathing, slow and deep breathing, and breath holding, only data for
normal breathing was processed in the remainder of this study due to time constraints. The first
two minutes of each recording – part of the three-minute-long normal breathing section – was
specifically used.
In MATLAB, these first two minutes were segmented according to the Pan-Tompkins
Algorithm. Because ECG had been recorded with PCG and SCG simultaneously, using this
algorithm to segment ECG signal by its R waves allowed for the corresponding PCG and SCG
signals to also be segmented at that same exact time. These segments lined up and ideally
demonstrated a pattern of changes in frequency. Here, two peaks were visible: S1 and S2 for
PCG signal and SCG2 and SCG1 for SCG signal. In order to conduct proper quantitative
analysis of these peaks, it was then necessary to select a 1.25-second window around the
visually-perceived peaks for the code – designed by our lab for signal analysis – to find a more
exact value of maximum energy and magnitude within that window. The magnitude found for
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each peak was then divided by the code: S1 was divided by S2 for the PCG signal and SCG1 was
divided by SCG2 for the SCG signal, ultimately yielding a ratio of the magnitude for S1/S2 or
SCG1/SCG2, respectively. That average and its standard deviation was provided in both a box
plot and in numerical values.
After all averages and standard deviations were collected and compiled into a table,
graphs were created to compare the following five scenarios:

1. The ratio of S1 to S2 in different auscultation locations, compared by the three acquired
PCG signals in Arrangement A in each subject.
2. The ratio of SCG1 to SCG2 in different auscultation locations, compared by the three
acquired SCG signals in Arrangement B in each subject.
3. The comparison of SCG and PCG signals at the 2nd intercostal space, considered between
Arrangement A and Arrangement B of each subject.
4. The comparison of SCG and PCG signals at the 3rd intercostal space, considered between
Arrangement A and Arrangement B of each subject.
5. The comparison of SCG and PCG signals at the 4th intercostal space, considered between
Arrangement A and Arrangement B of each subject.
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CHAPTER 5: RESULTS AND ANALYSIS
5.1. Sensor Testing
5.1.1. Microphone Selection

Figure 13. Comparison of waveform morphology for two different microphones (lavalier for blue “first file” and
PCB for orange “compare file”) attached to the same stethoscope head and receiving the same pre-recorded input.

The first consideration in building a stethoscope head/microphone pairing was the
selection of the microphone. Two main types of microphones were considered in this study:
lavalier microphones and PCB Piezotronics microphones, also known as lavalier and PCB for
convenience. Figure 13 shows a comparison of the signal waveform acquired when each
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microphone was connected to the same stethoscope head, exposed to a pre-recorded PCG signal,
and individually recorded. In this figure, the first file was documented in blue; this file was
recorded with the lavalier. The compare file, then, was documented in orange and set underneath
the first file; this compare file was recorded with the PCB.
Figure 13 is divided into two parts. The top compares the raw, unadjusted PCG waveform
morphology of the two files. The bottom takes the comparison created in the top and normalizes
it, allowing for an easier visualization of how the waveforms compare. Without normalization,
the lavalier documented its signal at approximately 1/3 (one-third) the magnitude of the PCB.
Upon normalization, the waveforms utilizing the lavalier and the PCB are shown to be very
similar in terms of morphology. They closely follow the same trends, and the only distinction of
note is the slight increase in amplitude of the recordings dealing with the PCB.
Additionally, even though the lavalier microphone employed in this study is neither
widely known within the literature nor frequently used in diagnostic monitoring, its close
morphological relationship to the PCB microphone provides reassurance and confidence that the
lavalier could be a viable option for following recordings. The lavalier is also much more
lightweight than the PCB, making the former microphone more convenient in any succeeding
arrangement of sensors. Hopeful from these positive considerations, the current stock of lavalier
microphones available was tested, as seen in Figure 14 below.
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Figure 14. Line chart of the SNR for nine individual lavalier microphones with the same manufacturer, stethoscope
head attached, and input signals.

While the previous figure (Figure 13) demonstrated that the chosen lavalier behaved
similarly to the PCB, this figure demonstrates that all available lavalier microphones also
behaved similarly among themselves. Similar performance here – alongside similar performance
from the exact stethoscope head that would be chosen – lends support to the belief that
differences in acquired signals could then be considered without having to factor in the
possibility of sensor variability distorting the results. A small range of SNR values does exist,
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but this study would not use all nine microphones at once, so those of the most similar SNR were
selected. From these results, the lavalier microphones were chosen for the following procedures.
5.1.2. Stethoscope Head Selection

Figure 15. Waveform comparison of six different stethoscope heads (Stethoscope 1 for Labtron, Stethoscope 3 for
Bio-Dynamics, Stethoscope 4 for ADC Proscope, Stethoscope 5 for 3D printed, Stethoscope 6 for 3D printed, and
Stethoscope 7 for unknown model) against Stethoscope 2 (3M Littmann), using the same microphone and input
signals.

After the lavalier was chosen, the search began for a stethoscope head to pair to it. Figure
15 above shows part of that search. Each of the stethoscope head/microphone pairings, in a
group of seven stethoscope heads, was compared against the Stethoscope 2/lavalier microphone
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pairing. Just as there was confidence in the PCB because of its reputable manufacturer, there was
also confidence in Stethoscope 2 because of its trusted manufacturer, 3M Littmann.
The piece of signal analyzed in this figure was from a pre-recorded PCG input. Aside
from the pairing of Stethoscope 1/microphone to Stethoscope 2/microphone, all of the other
comparisons demonstrated great similarity between the prospective sensors and the sensor being
used as a “standard.” All of the remaining stethoscope heads therefore proceeded to the next
section of testing. Stethoscope 1, the Labtron, was quickly removed from the study. According
to Figure 15, the morphology of the Labtron recording was very distorted and saturated,
therefore further recordings with it would yield less-than-optimal results. Furthermore, this
stethoscope head was quite large and heavy, so it would not have been ideal for actual
SCG/PCG-style runs regardless.
Figure 16, shown below, continued the goal of selecting a stethoscope head. This line
chart depicts two different lines, or two different recorded scenarios. SNR was generated for
each of the three inputs involved or lack thereof: a pre-recorded PCG signal, then a pre-recorded
clip of white noise, and then no input, for establishment of a background environment.
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Figure 16. Line chart of SNR for six different stethoscope heads using the same microphone and input signals (blue
for comparison of pre-recorded PCG signal to no input and orange for comparison of white noise to no input).

Each of the remaining stethoscope heads was analyzed according to the aforementioned
inputs: PCG signal and white noise were each calculated against “no input” in order to generate
the SNR. This figure shows a clear trend in SNR between the PCG and white noise, for each
specific sensor. The SNR of the PCG signal versus no input was always higher than the SNR of
the white noise versus no input. In general, all of the stethoscope heads had high enough SNRs
that peaks and key characteristics of any actual corresponding signal acquisition would be easily
identified.
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Of the lot shown above, Stethoscope 6 – which was 3D-printed in this lab – had the
lowest SNR for both PCG versus no input and white noise versus no input. Regardless, the SNR
for both was still quite high, and the actual size of the sensor was small enough that it could be
considered appealing for possible future use.
Two more stethoscope heads – a Zulco and a PARAMED stethoscope head – were
introduced near the end of the study. The same procedure as in Figure 16 above was followed,
and similar results were obtained. Additional testing was done with all of the sensors to elucidate
which would be the best for this study, and ultimately the PARAMED stethoscope head was
chosen. It behaved similarly to the other sensors, was relatively small and lightweight, was
available in a large enough quantity, and was being used in other current studies in this lab, all of
which built confidence in the selection of this sensor.
5.1.3. Spatial Distribution of Sensors

Figure 17. Arrangements A and B, the two spatial distributions of SCG and PCG sensors used.
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After testing for practicality of the set-up and clarity of signal morphology, the two
arrangements above were selected to conduct the comparison of SCG and PCG. These each
show a chest with outlines of the sternum and nipples, as well as four circles (orange, blue, white
with thin black outline, and gray) representing SCG and PCG sensors. Each arrangement had one
sensor of one type (white with thin black outline) and three of the other type (orange, blue, and
gray).
The arrangement on the left is the PCG-focused Arrangement A, which used three PCG
sensors (orange, blue, and gray) and one SCG sensor (white with thin black outline). The PCG
sensors covered the auscultation areas of the pulmonary valve, aortic valve, and tricuspid valve,
while the SCG sensor covered the auscultation area of Erb’s Point.
The arrangement on the right is the SCG-focused Arrangement B, which used three SCG
sensors (blue, orange, and gray) and one PCG sensor (white with thin black outline). The SCG
sensors covered the auscultation areas of the pulmonary valve and the tricuspid valve, as well as
the space lateral of Erb’s Point. The PCG covered the auscultation area of Erb’s Point.
One allowance of these arrangements was the acquisition of SCG and PCG signals at
some of the same locations. Between Arrangements A and B, there were recordings for both
SCG and PCG at the 2nd ICS, 3rd ICS, and 4th ICS, all at the left sternal border. The only
locations that did not have recordings for both sensor types were the 2nd ICS at the right sternal
border, which was unique to this PCG recording, and the 3rd ICS lateral to Erb’s Point, which
was unique to this SCG recording. Both of these situations were advantageous. First, having
different signal types at the same location was paramount to the completing the comparison that
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this paper is based on. Second, the two locations with only one signal could be compared to the
respective sensor in the same ICS. Arrangement A had two PCG sensors in the 2nd ICS, for
example: P3-1 at the right sternal border and P2 at the left sternal border. Additionally,
Arrangement B had one SCG and one PCG sensor in the 3rd ICS: P2 at Erb’s Point and S3-2
lateral to that. These horizontal relationships were therefore available for possible consideration
and analysis.
5.2. SCG and PCG Comparison
5.2.1. Example of Processed Signals in One Subject
In order for any signal analysis to occur, either between subjects or in one specific
subject, the iWorx-recorded signals had to be processed in the MATLAB software. Figure 18
and Figure 19 below show the information that was produced once the files had been processed.
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Figure 18. Examples of SCG and PCG signals from Arrangement A that were processed in MATLAB, with
resulting box plots of mean and standard deviation and a diagram of Arrangement A for reference.

The above figure, Figure 18, shows some of the results that were generated after
submitting the original data files for processing. Each sensor is related to two figures – a box plot
and a comparison of segments and peaks – that are organized in Figure 18 as their sensor directly
corresponds to Arrangement A, for ease of interpretation.
As stated, there are two types of figures of note. The first type is seen in the four gray
images with parallel vertical neon green lines. In short, these show all of the segments in a
specific two-minute timeframe that were cut by the Pan-Tompkins Algorithm and lined up as
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closely as possible. Each gray line is one segment of either SCG or PCG signal and encompasses
one turn of the cardiac cycle. Search windows were set in these segments to individually contain
S1 and S2 or SCG1 and SCG2, depending on the signal being analyzed. Within these windows,
the MATLAB software produced a green dot where its code found the maximum energy. That
maximum energy was, ideally, the peak of the S1, S2, SCG1, or SCG2. Each of these figures
therefore shows that the segments are lined up according to their S1 and S2 or SCG1 and SCG2,
because the green dots that specifically mark these signals are so similar in placement that they
form a nearly straight green line across the segments. Beyond their qualitative character, these
figures and their windows were used to calculate the mean magnitude and standard deviation of
maximum energy each peak.
The mean magnitude and standard deviation found above were interpreted and visually
expressed in the second type of figure, the box plot. Instead of only numerically reporting these
two values for each peak, the box plots show the ratio of the average magnitude of S1 to S2 or
SCG1 to SCG2. The standard deviation is therefore reflective of this ratio. The numerical values,
which are included in later results and discussion, were also produced from these box plots.
Overall, these two types of figures give the information that this study used to compare
SCG and PCG signals. The comparison of the general trends of SCG and PCG was done with the
mean magnitude of the S1 and S2 or SCG1 and SCG2 signals at a specific location on the chest.
Careful processing and analysis of each of the subject’s recording arrangements – shown above
in Figure 18 and below in Figure 19 – was therefore a priority.

46

Figure 19. Examples of SCG and PCG signals from Arrangement B that were processed in MATLAB, with resulting
box plots of mean and standard deviation and a diagram of Arrangement B for reference.

5.2.2. Comparison of Processed Signals Across Subjects: Within Arrangement A or B
Each spatial distribution of SCG and PCG sensors contained more of one type than other:
Arrangement A had three PCG sensors and one SCG sensor, while Arrangement B had three
SCG sensors and one PCG sensor. Before moving to the direct comparison of SCG and PCG
sensors across the two arrangements, the sets of similar sensors within each arrangement were
considered to elaborate on any possible location-based patterns. This consideration began with
the three PCG sensors of Arrangement A, as seen in Figure 20 below.
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Figure 20. Line chart depicting the ratio of mean S1/S2 maximum energy magnitude across subjects in the three
different PCG auscultation locations of Arrangement A.

Figure 20 shows the ratio for the mean magnitude of maximum energy for S1 to the mean
magnitude of maximum energy for S2 for all three PCG sensors in Arrangement A. The results
are shown above for fifteen subjects, where the blue line follows the sensor at the 2nd ICS at the
left sternal border, the orange line follows the sensor at the 2nd ICS at the right sternal border,
and the gray line follows the sensor at the 4th ICS.
Most prominently, the sensor at the 4th ICS consistently appears to have a higher ratio of
mean magnitude of S1 to mean magnitude of S2. The higher the ratio, the greater the average
magnitude of S1 is in comparison to S2 at that particular auscultation location. A ratio greater
than one, in an isolated context, would mean that the S1 signal produced a higher maximum
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energy than S2 at that specific location. When this idea is put back into context and the three
sensors are all considered, a comparatively greater ratio would suggest which of the chosen
auscultation locations allowed for stronger detection – as in, a detection of greater maximum
energy – of S1 relative to S2.
Current literature suggests that the magnitude of S1 is more prominent at inferior
auscultation locations because S1 is believed to be generated by the closure of the mitral and
tricuspid valves, the two inferior valves (Hoon Lim et al., 2013). Consulting Figure 20 above and
the consistent performance of the sensor at the 4th ICS, these results support the current body of
knowledge.
The performance of the other two sensors, at the left and right sternal borders of the 2nd
ICS, also aligns with this idea. Just as the relative magnitude of S1 is expected to be greatest at
the inferior locations where the mitral and tricuspid valves are located, the relative magnitude of
S2 is expected to be the greatest at more superior locations where the aortic and pulmonary
valves are located (Hoon Lim et al., 2013). These two sensors were more superior, which should
have decreased the magnitude of the S1 obtained due to the longer distance between the sensors
and the perceived S1 origin and increased the magnitude of the S2 because of the shorter
distance between the sensors and the perceived S2 origin. Compiling these two expectations and
comparing them to the results found in Figure 20, this all holds true. Neither is consistently
higher than the other, but both are nearly always lower in ratio than the sensor at the 4th ICS. The
results in this figure demonstrate that, support the current literature, and provide a background on
the location-based performance of the PCG sensors for their eventual comparison to the SCG
sensors.
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Figure 21, shown below, provides somewhat similar results. The same fifteen subjects
were used to obtain recordings in Arrangement B, where three SCG sensors were favored over
one PCG sensor. The ratio for mean magnitude of maximum energy for SCG1 to mean
magnitude of maximum energy for SCG2 for all three sensors is shown. Like Figure 20, the blue
line in Figure 21 follows the sensor at the 2nd ICS and the gray line follows the sensor at the 4th
ICS. In this figure, the orange line follows the sensor at the 3rd ICS beside the lone PCG sensor.

Figure 21. Line chart depicting the ratio of mean SCG1/SCG2 maximum energy magnitude across subjects in the
three different SCG auscultation locations of Arrangement B.

S1 and S2 were being considered for the PCG sensors in Arrangement A, but SCG1 and
SCG2 are being considered here for the SCG sensors of Arrangement B. Even so, the general
discussion of magnitude increase and decrease with location is relevant. The sensor at the 2nd
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ICS always has a ratio that is less than or equal to the ratio of the other two sensors. This sensor
is the most superior of all those considered, and so, similar to Figure 20, it generally appears with
a lesser ratio of mean SCG1 to mean SCG2 maximum energy magnitude.
The sensors at the 3rd and 4th ICS vary as to which has the greater ratio in a specific
subject. The sensor at the 4th ICS appears to demonstrate this greater ratio slightly more often the
one at the 3rd ICS. Again, in considering the previous figure and its context, a more inferior
auscultation location may lend itself to the greater magnitude of SCG1 relative to SCG2 or ratios
recorded at other auscultation points. This requires further investigation into the literature and a
greater sample of subjects to comment on these results more firmly. Regardless, the general trend
of this ratio increasing with greater inferiority of auscultation location, seen between both SCG
and PCG sensors, sets promising context for the comparison of SCG to PCG.
5.2.3. Comparison of Processed Signals Across Subjects: At Specific ICS Location
The previous results showed a general trend in the ratio that ran parallel between sets of
PCG sensors in Arrangement A and SCG sensors in Arrangement B. Direct comparison of SCG
and PCG signals at the same location, though at different times, may now be considered. This
comparison occurs at auscultation locations along the left sternal border, specifically at the 2nd
ICS (Figure 22), 3rd ICS (Figure 23), and 4th ICS (Figure 24). All three figures are shown below.
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Figure 22. Line chart comparing mean SCG1/SCG2 or S1/S2 maximum energy magnitude across subjects at the 2nd
ICS, with PCG data from Arrangement A and SCG data from Arrangement B.
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Figure 23. Line chart comparing mean SCG1/SCG2 or S1/S2 maximum energy magnitude across subjects at the 3rd
ICS, with PCG data from Arrangement A and SCG data from Arrangement B.
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Figure 24. Line chart comparing mean SCG1/SCG2 or S1/S2 maximum energy magnitude across subjects at the 4th
ICS, with PCG data from Arrangement A and SCG data from Arrangement B.

Above, Figures 22, 23, and 24 look at the recordings of the SCG and PCG sensors in the
same auscultation location. As previously mentioned, the first figure, Figure 22, looks at the left
sternal border of the 2nd ICS; the second, Figure 23, looks at the 3rd ICS; and the third, Figure 24,
looks at the 4th ICS. All of these compare the ratio of mean magnitude of maximum energy
between SCG1 and SCG2, in the case of the SCG sensor, to the ratio of the mean magnitude of
maximum energy between S1 and S2, in the case of the PCG sensor. Overall, they show great
similarity in the ratios of their mean magnitude. There are slight differences or possible outliers,
but those will likely require consideration of more data with more subjects to truly suggest if
those are natural or unintentional differences.
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Upon first viewing these figures, the agreement is quite exciting, both within each figure
and across the three. For example, each figure has several areas where these ratios overlap or
very nearly do. Across the figures, it appears that the frequency of these intersections increases
as the auscultation location becomes more inferior – in other words, as the sensor gets closer to
the 4th ICS. In Figure 22, overlap is seen in Subjects 3 and 4 and is very close to occurring in
Subjects 2, 5, 7, and 8. In Figure 23, overlap is seen in Subjects 9, 10, 12, and 14 and is very
close to occurring in Subjects 2 and 8. Finally, in Figure 24, overlap is seen in Subjects 1, 8, 11,
12, and 13 and is very close to occurring in Subjects 3, 4, and 5. From these classifications, the
amount of overlap increased from 2 to 4 to 5. Including the situations of near-overlap, the total
started at 6 and increased to 8. These numbers only included very tight comparisons, however,
and general trends were still observed in all three cases.
Of all fifteen subjects analyzed, only two did not demonstrate overlap or near-overlap in
their ratios: Subject 6 and Subject 15. Subject 15, however, is regarded cautiously, as the
interpretation of the results at this time is purely qualitative; no set boundaries have been
established on what is too far and what is just close enough to considered “near.” Therefore, it
could even be possible that fourteen of the fifteen subjects demonstrated striking similarity at
least once across these three figures. Six subjects appeared to demonstrate this similarity more
than once. All of these comparable cases, in several different subjects and across different
comparisons, lend greatly to the belief that there is a notable relationship between the SCG and
PCG signals that requires deeper research to appreciate and understand.
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CHAPTER 6: CONCLUSION
SCG and PCG have both been used to monitor cardiac activity, but their exact
relationship has not been studied thus far. Elucidating the relationship between the two could be
useful in future clinical research and practice. Studies focusing on one or the other have
discussed their unique frequency recognition and monitoring properties, so, with a known
relationship, the two would hopefully be able to cooperatively recognize a wide range of
frequencies, carry out more diagnostic and monitoring processes, and be utilized with greater
ease by physicians.
This study took the first step in comparing SCG and PCG signals by analyzing ratios of
their respective mean SCG1/SCG2 or S1/S2 magnitudes of maximum energy. These ratios
helped to show how signal was recorded by each sensor at different auscultation areas. A pattern
of greater mean magnitude ratio was, as had been suggested in current literature on PCG,
observed for both SCG and PCG sensors as the auscultation areas became more inferior. When
the SCG and PCG sensors were finally compared at the exact same locations, the aforementioned
ratios were very comparable: some ratios were nearly equivalent between the two sensors, but
even those that were not so close generally ended up following a similar trend. Overall, this gives
background, hope, and purpose to continue analyzing the relationship between SCG and PCG.
6.1. Limitations
Though this work aims to serve as a base for further investigation into the relationship of
SCG and PCG, it is not without limitations. The largest limitation was the time constraint of
conducting this study. Had more time been available, more subject data would have been
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acquired, processed, and analyzed. There were intriguing connections shown between the SCG
and PCG signals at specific auscultation points, but confidence in these connections could have
been promoted with a larger sample size. There is also the limitation that some of the subject
recordings – of the 31 total subjects, but not included in the 15 subjects analyzed and discussed
in this paper – came from subjects who had cardiovascular complications. Even with a greater
availability of time, not all of the recordings would have been able to be used in trying to
understand a normal relationship of SCG to PCG. That being said, however, these limitations are
fortunately based on the availability of time, so corrections and continuations of this study can
easily be rerouted into future work.
6.2. Future Work
With all future work, a greater number of subjects is advised. For this particular study,
data was gathered from 31 individuals, but due to time constraints only 15 were thoroughly
analyzed. Following this publication, the data from the remainder of the individuals is planned to
be analyzed using the same methodology from this study. Data will likely also be acquired from
new subjects to add to this ensuing analysis, because a larger sample could provide much more
confidence in these findings.
Additionally, the subject recordings included three patterns of breathing: normal
breathing, slow and deep breathing, and breath holding. Only the former has been analyzed, at
the moment. Analysis of these breathing patterns might give more insight about how deviations
from normal breathing may impact SCG and PCG signal, or how different SCG and PCG signals
may be in the extended absence of breathing, as seen during breath holds.

57

Once the aforementioned areas have been explored and a general background is
established on the relationship of SCG and PCG, more complex analysis should be pursued. This
study focused on the mean magnitude of maximum energy of the S1, S2, SCG1, and SCG2 in
acquired SCG and PCG signals and made comparisons based on the ratio of these magnitudes.
This has helped to establish that there is, in fact, a clear connection between the SCG and PCG
signals. However, analysis still needs to be done for factors like waveform morphology, for
example, in order to truly comprehend how these two relate. This thesis is only the beginning of
the journey to understand the SCG-PCG relationship.
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